Quantum gravity at a TeV and the renormalization of Newton's constant 
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We examine whether renormalization effects can cause Newton's constant to change dramatically 
with energy, perhaps even reducing the scale of quantum gravity to the TeV region without the 
introduction of extra dimensions. We examine a model that realizes this possibility and describe 
experimental signatures from the production of small black holes. 
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It has become conventional to interpret the Planck 
scale Mp as a fundamental scale of Nature, indeed as 
the scale at which quantum gravitational effects become 
important. However, Newton's constant G (G = Alp 2 in 
natural units h = c = 1) is measured in very low-energy 
experiments, and its connection to physics at short dis- 
tances - in particular, quantum gravity - is tenuous, as 
we explore in this paper. 

If the strength of gravitational interactions (hence- 
forth, G(fij) is scale dependent, the true scale /x» at which 
quantum gravity effects are large is one at which 



(1) 



This condition implies that fluctuations in spacetime ge- 
ometry at length scales /i" 1 will be unsuppressed. Below 
we will show that |T]) can be satisfied in models with /j,* 
as small as a TeV (see Fig. [IJ. Gravity has only been 
tested at distances greater than that corresponding to 
an energy scale of 10 -3 eV. New physics in the form of 
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FIG. f : Schematic illustration of a possible renormalization 
group evolution of M with the scale /j,. 
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FIG. 2: Contributions to the running of Newton's constant. 



particles with masses greater than this scale or of mod- 
ifications to gravity itself could lead to this running of 
Newton's constant. In such models there is no hierarchy 
problem, and quantum gravity can be probed by experi- 
ments at TeV energies. It is well known that this can be 
the case in extra-dimensional models but is this also 
possible in four dimensions? 

Note, we will sometimes refer to an effective Planck 
scale M(/x) defined by G(p) = M(fi)~ 2 . Then, the quan- 
tum gravity condition (QJ is simply M(/i») ~ /i*. 

We will now give a heuristic description of how signif- 
icant scale dependence of G can arise. A more technical 
derivation will be given later in the paper. The basic 
ingredients, screening due to quantum fluctuations and 
renormalization group evolution, are familiar from QCD. 
We consider one scalar field coupled to gravity and adopt 
the following notation: 



S = 



(2) 



Consider the gravitational potential between two heavy, 
non-relativistic sources, which arises through graviton ex- 
change (Fig. The leading term in the gravitational 
Lagrangian is G _1 i? ~ G~ 1 h\3h with = r\y, v + h^v 
By not absorbing G into the definition of the small fluc- 
tuations h we can interpret quantum corrections to the 
graviton propagator from the loop in Fig.[5]as a renormal- 
ization of G. Neglecting the index structure, the graviton 
propagator with one-loop correction is 
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D h(q) ~ —o- H 2" S ^" 
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where q is the momentum carried by the graviton. The 
term in E proportional to q 2 can be interpreted as a 
renormalization of G, and is easily estimated from the 
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Feynman diagram: 



iq 2 / d*p I>(p) V + 



(4) 



where Z?(p) is the propagator of the particle in the loop. 
In the case of a scalar field the loop integral is quadrati- 
cally divergent, and by absorbing this piece into a redef- 
inition of G in the usual way one obtains an equation of 
the form 
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where A is the ultraviolet cutoff of the loop and c ~ 
1/167T 2 . G rcn is the renormalized Newton constant mea- 
sured in low-energy experiments. Fermions contribute 
with the same sign to the running of Newton's constant, 
whereas gauge bosons contribute with the opposite sign 
than scalars (see below). 

Taking A = /x* (so that the loop cutoff coincides with 
the onset of quantum gravity) gives Gbarc = G(A) = /i~ 2 > 
and then demanding G lcn — Mp 2 implies that /z* can- 
not be very different from the Planck scale Mp unless c 
is very large. For example, to have /i„ ~ TeV requires 
c ~ 10 32 : it takes 10 32 ordinary scalars or fermions with 
masses below 1 TeV (which can run in the loop) to pro- 
duce the evolution in Fig. [I] This observation has already 
been made by Dvali et dl. 0, HI, 0] , although in 0] the 
argument is expressed in terms of a consistency condition 
from black hole evaporation rather than as renormaliza- 
tion group behavior. Their argument is as follows. Con- 
sider a model with N different types of Z-i charges, each 
of which is the remnant of a gauge symmetry, so that each 
has long range quantum hair. Assume the Z 2 charge car- 
riers all have mass m, and let a black hole form from N 
(one of each) of these particles. The black hole cannot 
radiate (very much) Z^ charge until: T ~ Mp/Mbh ~ m , 
where Mbh is the mass of the hole. To radiate all N units 
of Z2 charges, it is necessary that M^h ~ Mp/m > Nm, 
which implies Mp > Nm 2 . Note that this argument 
makes two nontrivial assumptions about quantum grav- 
ity: unitarity of black hole evaporation and the absence 
of black hole remnants. The renormalization calculation, 
requiring fewer assumptions, shows that additional spin 
or 1/2 particles of any mass less than /1* tend to weaken 
gravity in the infrared. The hierarchy problem can be 
solved without implying the relation m ~ Mp / y/N. 

If the effective Planck scale evolves with energy scale, 
one might ask which is the relevant Mp for Dvali et 
aVs consistency condition? Roughly speaking, it is 
the Planck scale evaluated at the length scale of the 
Schwarzschild radius: R = M^h/Mp. In our results, 
most of the RG evolution happens near the scale /i* and 
Mp rapidly reaches its ultimate low energy value of 10 19 
GeV. As long as the black hole is larger than ^i" 1 (as is 
necessary for a semi-classical description), the two pic- 
tures are consistent. 

As mentioned, the new fields contributing to c in ([5]) 
can have masses as small as ~ 10~ 3 eV. However, there 



is a large hierarchy between 10 -3 eV and 1 TeV, and the 
mass of such a light scalar would not be stable. One could 
invoke supersymmetry in order to stabilize the masses 
of the N light spin-0 particles. As mentioned above, 
spin- 1/2 and spin-0 particles contribute to the running 
of Newton's constant with the same sign. 

The number of new degrees of freedom we are required 
to introduce may seem outrageous, but it is of the same 
order as in models with large extra-dimensions pj. In 
such models the higher-dimensional action is of the form 



S= / tTxeP 



) 



(0) 



so that the effective 3+1 dimensional Planck scale is given 
by Mp = M^~ 2 Vd-4, where Vd-4 is the volume of the ex- 
tra dimensions and M„ is the d-dimensional Planck mass. 
By taking Vd-A large, Mp can be made of order 10 19 GeV 
while ~ TeV, however the number of additional de- 
grees of freedom in the bulk is of order Vd-4M^~ 4 ~ 10 32 . 

Now we will give a functional derivation of equation 
flSJ) , which shows that the sign of the contribution of the 
scalar fields to the running of Newton's constant is not an 
artifact of the crude (non-covariant) regularization pro- 
cedure we used earlier. Consider the contribution of a 
scalar field minimally coupled to gravity. We follow the 
presentation of Larsen and Wilczek 0] (see also [1, 0])- 
The one-loop effective action W is defined through 
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= [dct(-A + m 2 )] - ^ . 
We define the heat kernel 

ff(r)ETre- rA ^ e - TA - , 



(7) 
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where Aj are the eigenvalues of A = — A + m 2 . Then the 
effective action reads 



H(r) 



1 2 If Hi' 
W = -IndetA = - V InA, = — / dr— 

2 2 4^ 2 J e 2 t 



(9) 



The integral over r is divergent and has to be regulated 
by an ultraviolet cutoff e 2 . The heat kernel method can 
be used to regularize the leading divergence of this inte- 
gral. This technique does not violate general coordinate 
invariance. One can write 



H(t) 



dx G(x, x, 



(10) 



where the Green's function G(x, x' , r) satisfies the differ- 
ential equation 



(^--A x )G(x,x',t) = ; 

G{x,x',0) = S(x-x') 



(11) 
(12) 
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In flat space one has 

Go(x,x',r)= (JL) ex p(-i(x-^) 2 ) , (13) 

but in general one must express the covariant Laplacian 
in local coordinates and expand for small curvatures. 
The result is H 



H(t) 




(14) 



C(r*) 



Plugging this back into and comparing to one 
obtains the rcnormalizcd Newton constant 
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(15) 



so that G r0 n, relevant for long-distance measurements, is 
much smaller than the bare value if the scalar field is 
integrated out (e — ► 0). 

Up to this point our results have been in terms of 
old-fashioned renormalization: we give a relation be- 
tween the physical observable G re n and the bare coupling 



G, 



A modern Wilsonian effective theory would de- 



scribe modes with momenta \k\ < /i. Modes with |fc| > fi 
have been integrated out and their virtual effects already 
absorbed in effective couplings g(fJ.). In this language, 
G re: n = G(/i = 0) is appropriate for astrophysical and 
other long-distance measurements of the strength of grav- 
ity. 

A Wilsonian Newton constant G(fi) can be calculated 
via a modified version of the previous method, this time 
with an infrared cutoff fi. For example, ([9]) is modified 
to 



W 



dr 



H(t) 



(16) 



The resulting Wilsonian running of Newton's constant is 
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G(ji) G(0) 
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or 



G{n) G(0) 12tt 



(17) 



(18) 



for N scalars or Weyl fermions, as can be shown by a 
similar functional calculation. Compare with Larsen and 
Wilczek in [5j, who also derive the opposite sign in the 
gauge boson case. 

We note that (fT"5|) and (fT8|) are only valid to leading 
order in perturbation theory. As we near the scale of 
strong quantum gravity /i* we lose control of the model. 
However, it seems implausible that the sign of the beta 
function for Newton's constant will reverse, so the quali- 
tative prediction of weaker gravity at low energies should 
still hold. 



There are other quantum corrections from the new par- 
ticles: the cosmological constant is renormalized as well, 
as can be seen from equation (fT4|) . The relation is of the 
form 



A rc „ = Abarc + (Nb — Nf)— , 



(19) 



where here fermions and bosons contribute oppositely. 
The natural value of |Ab are | is of the order of a TeV 
since this is the cutoff we impose on the model, whereas 
the observed cosmological constant ~ (10 -3 eV) 4 is much 
smaller. The N degrees of freedom thus make the prob- 
lem much more severe, unless we assume the number of 
new bosons to be nearly equal to that of new fermions. 
This leads to the intriguing possibility that the hidden 
sector could be a simple Wess-Zumino model. 

The N new degrees of freedom are assumed to be sin- 
glets and to couple to the standard model only gravita- 
tionally. Graviton loops will typically lead to operators 



of the type 



^/M(to) 4 times some logarith- 



mic divergence, where to is the mass of the scalars. If 
the mass of the scalar field is much smaller than the 
Planck scale, these operators are strongly suppressed. If 
we choose m, ~ ITeV, the factor mfm|/M(m) 4 could 
naively be of order one, however one has to keep in mind 
that the running of Newton's constant happens only be- 
tween to and /i* and thus very fast. So we can choose m 
just smaller than //* and discard these operators. 

It seems possible that the large number of hidden de- 
grees of freedom we are introducing could be mimicked, 
insofar as their effect on the renormalization group equa- 
tions, by a modification of general relativity of the type 
/ d A x^/—gf(R), where f(R) is a function of the Ricci 
scalar: f(R) = —CiR + c^R 2 + ■ ■ ■ . For example, if the 
N new particles are all heavy, with m *~ /x*, then inte- 
grating them out would lead to an effective Lagrangian 
of this type at scales /i < m. Large self-couplings in the 
gravitational sector, instead of a large number of new 
particles, might cause the running depicted in Fig. [1] 
That is, there might exist boundary values of the Cj(/ii) 
at scale /i = /x* that lead to the observed large value of 
ci = Mp/Wir at low energies. This would certainly re- 
quire some anomalously large coefficients c,, but current 
bounds are very weak and apply only at very low energies 
fi. The strongest bounds come from experiments prob- 
ing modifications of Newton's potential on distances of 
- 0.1mm HQS- One obtains c 2 (^ ~ lCT 3 eV) < 10 61 , 
with a similarly weak constraint holding for the coeffi- 
cient of the other allowed four-derivative term R^ V R 

Q 

The phenomenology of the large N model is described 
below. The most striking aspect of the model is that 
gravity is strong at a few TeV. In particular we expect 
that four dimensional black holes will be produced in 
high energy collisions of sufficient energy [13]. If these 
black holes are semi-classical they will decay via Hawk- 
ing radiation, presumably primarily to the N new degrees 
of freedom which overwhelmingly dominate the thermal 
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phase space. Dvali et al. [H have emphasized that black 
holes formed from standard model particles might not 
decay into the N new degrees of freedom. This would 
certainly be the case if the new particles all carry con- 
served charges. However, that would require of order N 
additional gauge symmetries, which seems unattractive. 
Note, though, that decays of black holes of the smallest 
possible mass Mbh ~ A** ( "quantum" black holes) are not 
necessarily well described by semi-classical Hawking radi- 
ation. Quantum black holes might decay visibly, perhaps 
even to a small number of standard model particles [13| . 

Experiments which detect showers caused by earth 
skimming neutrinos in the earth crust [14j could still 



provide evidence for black holes that decay invisibly. If 
gravity is strong around 1 TeV, the probability for a high 
energy cosmic ray neutrino to collide with a nucleon and 
create a black hole is large. Earth skimming neutrinos 
within the standard model have a certain probability to 
convert to a lepton which escapes the crust of the earth 
and creates an observable shower. In scenarios of TeV 
gravity, some of these neutrinos will hit a nucleon and 
create a black hole which decays invisibly, reducing the 
earth skimming neutrino shower rate. The limit obtained 
in [l4| (see also [l5l . HH [ItJ ) implies a bound on the cross- 
section 



<j{vN -> qBH + X) < 0.5 TeV" 



(20) 



Assuming that the parton level cross-section for quan- 
tum black holes is a — fx~ 2 , we get a bound /x* > 1 TeV, 
which should really be considered to be an order of mag- 
nitude estimate. For fi* of this size, quantum black hole 
production at the CERN LHC could have a cross section 
as large as 



a(pp -> qBH + X) ~ 1 x 10 5 fb 



(21) 



and will thus dominate the cross sections expected from 
the standard model. To the extent that small black holes 
behave as extremely hot, thermal objects, they will decay 
invisibly into the 10 32 new degrees of freedom (barring 
an equal number of new conserved charges). However, 
quantum black holes might also decay visibly to a few 
standard model particles. In fact, the most common pro- 
duction process at LHC (e.g., gluon gluon — > black hole) 
would in most cases leave the black hole with a net color 
charge. Confinement, or color neutrality, does not apply 
over length scales of order TeV -1 , relevant for produc- 
tion and decay of quantum black holes. If the quantum 
black hole decays to a small number of particles, at least 
one of these particles will carry color and lead to a very 
energetic jet, which is potentially observable. A typical 
signature would be one high-p^ jet plus missing energy. 
Besides colored black holes, small black holes with an 



electric charge will be produced frequently at the LHC. 
These charged black holes will decay most likely to one or 
two charged particles as well as a particle from the hid- 
den sector. The charged particles are likely to be hadrons 
and would lead to one or two high-p^ jets, but they could 
also be leptons. 

Depending on the parameters of the model, some semi- 
classical black holes could be produced at the LHC. The 
cross-section at the parton level is given by [ll| : 



M 2 

a(ij -> BH) = An^f 

Mi 



(22) 



where Mjy, is the black hole mass. If we take the scale 
of quantum gravity to be around ~ 1 TeV, this cross- 
section can be sizable for a semi-classical black hole mass 
of ~ 3 TeV. Taking into account that not all of the en- 
ergy of the partons can be used in the formation of the 
black hole (see, e.g., [Hj]), the cross-section at the LHC 
is cr(pp — > BH + X) <~ 2000 fb which for a luminosity of 
100 ffcT 1 would yield 2 x 10 5 semi-classical black holes. 
As mentioned, these black holes will decay mostly invisi- 
bly into the new N degrees of freedom unless there are a 
large number of new conserved charges. However, since 
it is likely that the black hole has a net color charge or an 
electric charge (as discussed in the previous paragraph), 
there will be at least one jet or a lepton in the final state, 
along with missing energy. 

We have shown that the running of the gravitational 
coupling constant can be radically affected by a hidden 
sector with a large number of particles. This implies that 
the scale for quantum gravity could be much different 
than the one obtained from naive dimensional analysis, 
i.e., 10 19 GeV. We discussed a specific model in which 
the scale of quantum gravity is in the TeV region. This 
model offers a solution to the hierarchy problem of the 
standard model and could lead to the production of quan- 
tum and semi-classical black holes at the LHC, with in- 
teresting signatures such as hard jet plus missing energy. 
It might also be testable through a deficit of earth skim- 
ming showers in high energy cosmic ray experiments such 
as AGASA. 
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